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Radiative nuleon-deuteron apture and two- and three-body photo disintegration of the three-
nuleon bound state are desribed. The desription uses the purely nuleoni harge-dependent CD-
Bonn potential and its oupled-hannel extension CD Bonn + ∆. The ∆-isobar exitation yields
an eetive three-nuleon fore and eetive two- and three-nuleon urrents besides other ∆-isobar
eets; they are mutually onsistent. Exat solutions of three-partile equations are employed for the
initial and nal states of the reations. The urrent has one-baryon and two-baryon ontributions
and ouples nuleoni with ∆-isobar hannels. ∆-isobar eets on the observables are isolated.
Shortomings of the theoretial desription are disussed and their onsequene for the alulation
of observables is estimated.
PACS numbers: 21.45.+v, 21.30.-x, 24.70.+s, 25.20.-x
I. INTRODUCTION
Photo reations in the three-nuleon system are de-
sribed. The available sattering energy stays below
pion-prodution threshold. The desription allows for
the exitation of a nuleon to a ∆ isobar. The exita-
tion of the ∆ isobar remains virtual due to the available
energy. The ∆ isobar is therefore onsidered a stable
partile; it yields an eetive three-nuleon fore and ef-
fetive exhange urrents besides other ∆-isobar eets.
The eetive three-nuleon fore simulates the two-pion
exhange Fujita-Miyazawa fore [1℄ and the three-pion
ring part of the Illinois fores [2℄ in a reduible energy-
dependent form. The eetive exhange urrents are of
two-nuleon and three-nuleon nature. Sine the ee-
tive nuleoni fores and urrents are built from the same
two-baryon oupled-hannel potential and from the or-
responding one-baryon and two-baryon oupled-hannel
urrent, they are onsistent with eah other. Sine the
two-baryon oupled-hannel potential is based on the sin-
gle exhanges of the standard isovetor mesons pi (π) and
rho (ρ) and of the isosalar mesons omega (ω) and sigma
(σ), the same meson exhanges are ontained in the ef-
fetive nuleoni fores and in the eetive nuleoni ur-
rents. E.g., besides the π exhange of Refs. [1, 2℄ also ρ
exhange is inluded in fores and urrents.
The exat solution of the three-partile sattering
equations is used for the desription of the initial-
and nal-state interations; the oupled-hannel formu-
lation for nuleon-deuteron sattering is developed in
Refs. [3, 4, 5℄; radiative nuleon-deuteron apture and
eletromagneti (e.m.) two-body breakup of the three-
∗
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nuleon bound state are desribed in Ref. [6℄. Whereas a
separable expansion of the Paris potential [7℄ is used in
those early alulations, Ref. [8℄ solves the three-partile
sattering equations exatly by Chebyshev expansion of
the two-baryon transition matrix as interpolation teh-
nique; that tehnique is found highly eient and sys-
temati. In this paper, the tehnique of Ref. [8℄ is also
used for the desription of photo proesses in the three-
nuleon system. In ontrast to Ref. [6℄ the underlying
purely nuleoni referene potential is CD Bonn [9℄. Fur-
thermore, the oupled-hannel extension of CD Bonn,
alled CD Bonn +∆ and employed in this paper, is tted
in Ref. [10℄ to the experimental two-nuleon data up to
350 MeV nuleon lab energy; it is as realisti as CD Bonn.
Thus, this paper updates our previous alulations [6℄ of
trinuleon photo reations. Compared to Ref. [6℄, the
desription is extended to higher energies, and three-
nuleon breakup is also inluded; however, energetially
the desription remains below pion-prodution thresh-
old. An alternative desription of e.m. proesses in
the three-nuleon system is given in Refs. [11, 12, 13℄;
Refs. [11, 12, 13℄ employ a dierent two-nuleon poten-
tial, an expliit irreduible three-nuleon fore and a dif-
ferent e.m. urrent; nevertheless, the theoretial predi-
tions of Refs. [11, 12, 13℄ and of this paper will turn out
to be qualitatively quite similar.
Setion II realls our alulational proedure and es-
peially stresses its improvements. Setion III presents
harateristi results for observables; ∆-isobar eets on
those observables are isolated. Setion IV disusses the
tehnial shortomings of the given results. Setion V
gives a summary and our onlusions.
II. CALCULATIONAL PROCEDURE
The alulational proedure, inluding the notation, is
taken over from Ref. [6℄. We remind the reader shortly of
2that proedure in order to point out hanges and to de-
sribe the extension to three-body photo disintegration,
not disussed in Ref. [6℄.
A. Nonrelativisti model for the eletromagneti
and hadroni interation of baryons
The e.m. urrent ats in a baryoni Hilbert spae with
two setors, i.e., one setor being purely nuleoni and
one in whih one nuleon (N) is turned into a ∆ iso-
bar. The urrent operator is employed in its Fourier-
transformed form Jµ(Q) and in a momentum represen-
tation, based on the Jaobi momenta (pqK) of three
partiles in the denition of Ref. [3℄, i.e.,
〈p′q′K′|Jµ(Q)|pqK〉 = δ(K′ −Q−K)
× 〈p′q′|jµ(Q,K+)|pq〉.
(1)
In Eq. (1) Q is the three-momentum transfer by the pho-
ton; it will take on partiular values depending on the
onsidered reation; in the photo reations of this pa-
per it is given by the photon momentum kγ . A total-
momentum onserving δ-funtion is split o; the remain-
ing urrent operator jµ(Q,K+) only ats on the internal
momenta of the three-baryon system with a parametri
dependene on the ombination K+ = K
′ + K of total
momenta. Sine all meson degrees of freedom are frozen,
the operator has one-baryon and many-baryon piees.
Besides the standard nuleoni-urrent part there are ad-
ditional parts involving the ∆ isobar whih then make
eetive two- and three-nuleon ontributions to the ex-
hange urrent, the ontributions being onsistent with
eah other. We take one-baryon and two-baryon ontri-
butions into aount, shown in Figs. 1 - 3 and desribed
in detail in the respetive gure aptions. The expliit
forms of the onsidered ontributions are olleted in Ap-
pendix A. The horizontal lines in the diagrams indiate
that the meson exhanges are instantaneous. The dom-
inant meson-exhange ontributions arise from π and ρ
exhanges; note, that those are the only ontributions of
two-baryon nature taken into aount in the alulations
of Refs. [11, 12, 13℄. In our alulations also the nondiag-
onal ρπγ and ωπγ ontributions are taken into aount
for the urrents of Figs. 1 and 2. The urrent of Fig. 2
ouples purely nuleoni states with states ontaining one
∆ isobar. In ontrast to Ref. [6℄, the ontributions be-
tween ∆-isobar states of one- and two-baryon nature are
kept as shown in Fig. 3, though the orresponding two-
baryon ontributions will turn out to be quantitatively
entirely irrelevant; we therefore take only the diagonal
π ontribution into aount. The urrent is derived by
the extended S-matrix method of Refs. [14, 15, 16, 17℄;
however, it satises urrent onservation only approxi-
mately with the orresponding π and ρ exhanges in the
employed two-baryon interation HI of CD Bonn and
CD Bonn + ∆. The spatial urrent is systematially ex-
panded up to rst order in k/mN , k being a harateristi
FIG. 1: One- and two-baryon proesses ontained in the
used e.m. urrent. In this gure only the purely nuleoni
proesses are depited; the nuleon is indiated by the thin
solid line, the photon by the wavy line, and the instantaneous
meson exhange by the dashed line. In nonrelativisti order
the one-nuleon proess ontributes to the harge density and
to the spatial urrent, the two-nuleon proesses only to the
spatial urrent. The diagonal isovetor pi and ρ exhanges are
taken into aount in the two-nuleon proesses as well as the
nondiagonal ρpiγ and ωpiγ ontributions.
FIG. 2: One- and two-baryon proesses ontained in the used
e.m. urrent. In this gure proesses are depited in whih
one nuleon is turned into a∆ isobar, indiated by a thik line.
The hermitian adjoint proesses are taken into aount, but
are not diagrammatially shown. In nonrelativisti order the
one-baryon and two-baryon proesses ontribute only to the
spatial urrent. In the one-baryon urrent only the magneti
dipole transition is kept. The diagonal isovetor pi and ρ
exhanges are taken into aount in the two-baryon proesses
as well as the nondiagonal ρpiγ and ωpiγ ontributions.
baryon momentum and mN the nuleoni rest mass. The
harge density is used in zeroth order in k/mN for the
standard alulations of Se. III; even photo reations
require the harge density operator, i.e., for the Siegert
form of the urrent.
In the perturbative spirit for the evolution of photo
proesses, the e.m. interation He.m.I ats only one,
whereas the hadroni interation HI has exatly to be
taken into aount up to all orders. We use hadroni
hannel states, seen in the initial and nal states |iPi〉
and |fPf 〉 of the photo reations with total momenta Pi
and Pf in the form
|ΦBK〉 = |B〉|K〉, (2a)
|Φα(q)ναK〉 = |φα(q)να〉|K〉, (2b)
|Φ0(pq)ν0K〉 = |φ0(pq)ν0〉|K〉 (2)
3FIG. 3: One- and two-baryon proesses ontained in the used e.m. urrent. In this gure proesses are depited whih onnet
states with a ∆ isobar. In nonrelativisti order the one-baryon proess ontributes to harge density and spatial urrent, the
two-baryon proesses only to the spatial urrent. Only the diagonal isovetor pi exhange is taken into aount in the two-baryon
proesses.
with the energies
EB(K) = EB +
K2
6mN
, (3a)
Eα(qK) = ed +
3q2
4mN
+
K2
6mN
, (3b)
E0(pqK) =
p2
mN
+
3q2
4mN
+
K2
6mN
, (3)
mN , ed and EB being the average rest mass of the nu-
leon, the deuteron and the trinuleon binding energies;
in ontrast to the notation of Ref. [6℄, but onsistent
with our notation of hadroni reations [3, 8℄, the rest
mass of three nuleons is removed from the energies of
Eqs. (3). The internal trinuleon bound state is |B〉,
whih is normalized to 1. The produt nuleon-deuteron
and breakup hannel states in the three-nuleon .m.
frame are |φα(q)να〉 and |φ0(pq)ν0〉 in the notation of
Ref. [3℄, να and ν0 denoting all disrete quantum num-
bers. In both ases the .m. motion |K〉 is expliitly
added to the internal motion; in the three-nuleon han-
nel with a photon, the total momentum P is dierent
from the total momentumK of the three nuleons, bound
in the trinuleon bound state |B〉; in the hannels with-
out photon P = K.
The matrix elements of the e.m. interation require
fully orrelated hadroni states, i.e.,
|ΦBK〉 =± i0G
(
EB(K)± i0
)|B〉|K〉, (4a)
|Ψ(±)α (q)ναK〉 =± i0G
(
Eα(qK) ± i0
)
× 1√
3
(
1 + P
)|Φα(q)ναK〉, (4b)
|Ψ(±)0 (pq)ν0K〉 =± i0G
(
E0(pqK)± i0
)
× 1√
3
(
1 + P
)|Φ0(pq)ν0K〉, (4)
with the full resolvent
G(Z) =
(
Z −H0 −HI
)−1
; (5)
the free Hamiltonian H0 ontains the motion of the en-
ter of mass, but the rest mass of three nuleons is taken
out, onsistent with Eqs. (3); the permutation operator
P symmetrizes the produt states; the individual kineti
energy operators are of nonrelativisti form; they yield
the eigenvalues of Eqs. (3). The hadroni states (4b) and
(4) are normalized to δ funtions without additional nor-
malization fators. Sine the hadroni interation Hamil-
tonian HI ats on relative oordinates only, the full resol-
vent reprodues the bound state |B〉 and orrelates the
sattering states only in their internal parts, i.e.,
|Ψ(±)α (q)ναK〉 = |ψ(±)α (q)να〉|K〉, (6a)
|Ψ(±)0 (pq)ν0K〉 = |ψ(±)0 (pq)ν0〉|K〉. (6b)
B. S matrix for three-body photo disintegration of
the trinuleon bound state
The S-matrix and the spin-averaged and spin-
dependent ross setions for radiative nuleon-deuteron
apture and for two-body photo disintegration of the trin-
uleon bound state are given in Ref. [6℄. We add now
the orresponding quantities for three-body photo disin-
tegration. The kinematis of all onsidered photo pro-
esses is shown in Fig. 4. The gure also denes the
employed notation for the individual partile momenta
of the trinuleon bound state, deuteron, a nuleon, the
kd kN
kBkγ
kB kBkγ kγ
kN k1kd k2 k3
FIG. 4: Shemati desription of all onsidered three-nuleon
photo reations. The lines for the two-baryon and three-
baryon partiles are drawn in a speial form to indiate their
ompositeness.
4three-nuleons of break-up and the photon; kB, kd, kN ,
ki and kγ are on-mass-shell four-momenta. The orre-
sponding partile energies are the zero omponents of
those momenta, i.e., k0Bc, k
0
dc, k
0
Nc, k
0
i c and k
0
γc; they
are relativisti ones with the omplete rest masses in on-
trast to those of the nonrelativisti model alulation of
baryoni states in Eqs. (3).
We give various alternative forms for the S-matrix el-
ements:
〈fPf |S|iPi〉 =− i(2π~)4δ(k1 + k2 + k3 − kγ − kB) 〈sf |M |si〉 (2π~)−15/2
[
2k0γc 2k
0
Bc 2k
0
1c 2k
0
2c 2k
0
3c
]−1/2
, (7a)
〈fPf |S|iPi〉 =− 2πi δ
(
EN (k1) + EN (k2) + EN (k3)− k0γc− EB(kB)
) 〈fPf |i0G(Ei + i0)He.m.I |iPi〉, (7b)
〈fPf |S|iPi〉 =− 2πi δ
(
EN (k1) + EN (k2) + EN (k3)− k0γc− EB(kB)
)
δ(k1 + k2 + k3 − kγ − kB)
× (4π)
1/2
~
(2π~)3/2(2k0γc)
1/2
〈ψ(−)0 (pfqf )ν0f |jµ(kγ ,K+)ǫµ(kγλ)|B〉. (7)
Equation (7a) introdues a ovariant form, whereas
Eqs. (7b) and (7) are nonovariant quantum mehan-
ial realizations of it. ǫµ(kγλ) is the polarization ve-
tor of the real photon with heliity λ. 〈sf |M |si〉 is the
singularity-free matrix element for three-nuleon photo
disintegration, from whih the dierential ross setion
dσi→f =
∣∣〈sf |M |si〉∣∣2 dLips(kγ + kB, k1, k2, k3)
4c2 kB · kγ (8)
is obtained. Its dependene on the heliity λ of the pho-
ton and on the spin projetion MB of the trinuleon
bound state in the initial hannel, olletively desribed
by si, and on the spin projetions msf of nuleons in the
nal hannel, olletively desribed by sf , are expliitly
indiated. 〈sf |M |si〉 is Lorentz-invariant in a relativisti
desription and an therefore be alulated in any frame.
However, in our model it is alulated in the framework
of nonrelativisti quantum mehanis and therefore loses
the property of being a Lorentz salar; equating Eqs. (7a)
and (7) 〈sf |M |si〉 is dened by
〈sf |M |si〉 =
√
4π
c
(2π~)3
[
2k0Bc 2k
0
1c 2k
0
2c 2k
0
3c
]1/2
× 〈ψ(−)0 (pfqf )ν0f |jµ(kγ ,K+)ǫµ(kγλ)|B〉.
(9)
We alulate that matrix element in the enter of mass
(.m.) system of the nal hadroni state using the follow-
ing omputational strategy. The strategy is nonunique,
sine the model alulations, due to dynami limitations,
miss the trinuleon binding energy; the neessary orre-
tion for that miss has arbitrary features. In ontrast,
the S matrix of Eq. (7a) is based on proper relativisti
kinematis with experimental rest masses.
1. The experimental photon momentum kγ in the
lab frame with kB = 0 determines the total momentum
Pf and energy E0(pfqfKf ) of the nal three-nuleon
system in the lab frame, i.e., Pf = Kf = kγ and
E0(pfqfKf ) = EB + |kγ |c. This step is done using
the experimental trinuleon binding energy. The result-
ing energy E0(pfqfKf ) of the nal state is the true ex-
perimental one. Thus, the experimental two-body and
three-body breakup thresholds are exatly reprodued.
In nonrelativisti approximation for baryon kinematis,
the internal three-nuleon kineti energy part of the nal
state is p2f/mN +3q
2
f/4mN = E0(pfqfKf )−K2f/6mN .
2. The matrix element 〈sf |M |si〉 is alulated in the
.m. system as on-energy-shell element under nonrel-
ativisti model assumptions. Under those assumptions
the internal energy of the initial state is |kγ cm|c+EB +
k2γ cm/6mN = E0(pfqfKf ) − K2f/6mN , kγ cm being
the photon momentum in the .m. system, in whih
the trinuleon bound state is moving with momentum
kB = −kγ cm; thus, K+ = −kγ cm. Taking the omputed
trinuleon model binding energy EB and the average nu-
leon mass mN , i.e., mNc
2 = 938.919 MeV, the magni-
tude of the photon momentum |kγ cm| to be used for the
urrent matrix element results. Sine the model binding
energy EB is not the experimental one, neither for
3He
nor for
3H, and sine the .m. ontribution to total three-
nuleon energies is assumed to be nonrelativisti with
mass 3mN and to separate from its internal part, that
photon momentum kγ cm does not have the experimental
value. In the matrix element 〈sf |M |si〉, to be alulated
aording to Eq. (9), the zero-momentum omponents
k0i and k
0
B are nonrelativisti model quantities and dif-
fer from the baryoni energies just by rest masses, i.e.,
k0i c = EN (ki) +mNc
2
and k0Bc = EB(kB) + 3mNc
2
.
In ontrast to the matrix element 〈sf |M |si〉 whih ar-
ries the dynamis, the kinematial fators in Eq. (8), i.e.,
the Lorentz-invariant phase-spae element
dLips(kγ+kB,k1, k2, k3)
= (2π~)4 δ(k1 + k2 + k3 − kγ − kB)
× d
3k1 d
3k2 d
3k3
(2π~)9 2k01c 2k
0
2c 2k
0
3c
(10)
and the fator 4c2 kB · kγ , whih ontains the inoming
5ux, the target density and projetile and target normal-
ization fators an be alulated relativistially.
The momenta in the initial and nal states are on-
strained by energy and momentum onservation. E.g., if
the momentum k1 and the diretion kˆ2 were measured,
all three nuleon momenta are determined in the nal
state, although not always uniquely. In pratie, the two
nuleon sattering angles with respet to the beam dire-
tion (θ1, ϕ1) and (θ2, ϕ2), usually notationally shortened
to (θ1, θ2, ϕ2−ϕ1), and their kineti energies without rest
masses E1 = EN (k1) and E2 = EN (k2) are measured.
Those energies are related by momentum and energy on-
servation and therefore lie on a xed kinematial urve.
The observables are therefore given as funtion of the
arlength S along that urve, i.e.,
S =
∫ S
0
dS (11)
with dS =
√
dE21 + dE
2
2 and E2 being onsidered a fun-
tion of E1 or vie versa depending on numerial onve-
niene; the arlength is always taken ounterlokwise
along the kinematial urve. No onfusion between the
arlength S and the S-matrix of Eq. (7) should arise.
The normalization of the ar length value zero is hosen
as max{E1|E2 = 0}.
The lab ross setion therefore takes the ompat form
d5σi→f =
∣∣〈sf |M |si〉∣∣2fps dS d2kˆ1 d2kˆ2 (12a)
with the abbreviation fps for a phase-spae fator; in the
lab frame fps is
fps =
(2π~)−5
4c3k0γmB
∫
d3k3 k
2
2 dk2
(
k21dk1
dS
)
× δ(k1 + k2 + k3 − kγ − kB)
2k01c 2k
0
2c 2k
0
3c
, (12b)
fps =
(2π~)−5
32c7k0γmB
k21k
2
2
×
{
k21
[|k2|(k02 + k03)− k02kˆ2 · (kγ−k1)]2
+ k22
[|k1|(k01 + k03)− k01kˆ1 · (kγ−k2)]2
}−1/2
.
(12)
The ross setion (12a) is still spin-dependent. The spin-
averaged vefold dierential ross setion is
d5σ
dS dΩ1 dΩ2
=
1
4
∑
MBλ
∑
ms1ms2ms3
d5σi→f
dS d2kˆ1 d2kˆ2
. (13)
Spin observables are dened as in Refs. [4, 5℄. The ex-
perimental setup determines the isospin harater of the
two deteted nuleons 1 and 2.
The alulational strategy of Eqs. (9) - (12) is in the
spirit of Ref. [6℄; it hooses the kinematis dierently for
the dynami matrix element 〈sf |M |si〉 on one side and
for the phase spae dLips(kγ+kB, k1, k2, k3) and the fator
4c2kB ·kγ on the other side. That strategy an be arried
out with ease for the observables of exlusive proesses.
However, when total ross setions in hadroni and e.m.
reations or inelasti struture funtions in eletron sat-
tering are alulated as desribed in Appendix B for the
total photo ross setion, the energy onserving δ fun-
tion is rewritten as imaginary part of the full resolvent
and has to be made onsistent with the employed non-
relativisti dynamis. Thus, as desribed in Appendix B,
the split alulational strategy, developed in Ref. [6℄ and
so far here, annot be arried through for total ross
setions and inelasti struture funtions; furthermore,
as disussed in Ref. [5℄ for the hadroni reations, suh
a split alulational strategy would also be inonsistent
with the t of the underlying baryoni potentials.
We shall therefore use nonrelativisti kinematis in the
framework of quantum mehanis throughout. The or-
responding expressions, derived from quantum mehan-
is diretly, an also be obtained formally from Eqs. (9)
- (10) based on quantum eld theory by replaing the
hadron energy fators 2k0j c by their rest masses 2mjc
2
and using nonrelativisti energies for the energy onserv-
ing δ-funtions and for the denition of the kinemati
lous. The lab ross setion is onstruted from the fol-
lowing building bloks, i.e., the matrix element
〈sf |M |si〉 =
√
4π
c
(2π~)3
[
2mBc
2 (2mNc
2)3
]1/2
× 〈ψ(−)0 (pfqf )ν0f |jµ(kγ cm,−kγ cm)
× ǫµ(kγ cmλ)|B〉
(14a)
and the phase spae fator fps of Eqs. (12) whih takes
the following hanged form
fps =
(2π~)−5
4c2k0γmB
∫
d3k3 k
2
2 dk2
(
k21dk1
dS
)
× δ(EN (k1) + EN (k2) + EN (k3)− k
0
γc− EB)
(2mNc2)3
× δ(k1 + k2 + k3 − kγ), (14b)
fps =
(2π~)−5
32c8k0γmNmB
k21k
2
2
{
k21
[
2|k2| − kˆ2 · (kγ−k1)
]2
+ k22
[
2|k1| − kˆ1 · (kγ−k2)
]2}−1/2
. (14)
Setion IV will disuss the dierenes between the
present fully nonrelativisti alulational sheme of ross
setions and that of Eqs. (9) and (12) with some rela-
tivisti features.
III. RESULTS
We present results for spin-averaged and spin-
dependent observables of nuleon-deuteron radiative ap-
ture and of three-nuleon photo disintegration; results of
6two-nuleon photo disintegration are transformed to or-
responding ones of radiative apture. The results are
based on alulations derived from the purely nuleoni
CD-Bonn potential [9℄ and its oupled-hannel exten-
sion [10℄, whih allows for single ∆-isobar exitation in
isospin-triplet partial waves. The ∆ isobar is onsidered
to be a stable partile of spin and isospin 3/2 with a
rest mass m∆c
2
of 1232 MeV. In ontrast to the oupled-
hannel potential onstruted previously by the subtra-
tion tehnique [18℄ and used in the alulations of Ref. [6℄,
the new one of Ref. [10℄ is tted properly to data and
aounts for two-nuleon sattering data with the same
quality as the original CD-Bonn potential. We desribe
rst the standard alulational proedure adopting the
strategy of Se. II B.
The hadroni interation in purely nuleoni and in
nuleon-∆ partial waves up to the total two-baryon an-
gular momentum I = 4 is taken into aount. The al-
ulations omit the Coulomb potential between harged
baryons. Nevertheless, the theoretial desription is
harge dependent. For reations on
3He the pp and np
parts of the interation are used, for reations on
3H the
nn and np parts. Assuming harge independene, the
trinuleon bound state and nuleon-deuteron sattering
states are pure states with total isospin T = 12 ; the three-
nuleon sattering states have total isospin T = 12 and
T = 32 , but those parts are not dynamially oupled.
Allowing for harge dependene, all three-baryon states
have T = 12 and T = 32 omponents whih are dynam-
ially oupled. For hadroni reations that oupling is
found to be quantitatively important in the
1S0 partial
wave [19℄; in other partial waves the approximative treat-
ment of harge dependene as desribed in Ref. [19℄ is
found to be suient; it does not ouple total isospin
T = 12 and 32 hannels dynamially. The same applies for
photo reations onsidered in this paper. The eet of
harge dependene is dominated by the
1S0 partial wave;
it is seen in some partiular kinematis of radiative ap-
ture and of three-body photo disintegration; we do not
disuss it in this paper. Furthermore, the alulations of
e.m. reations require total isospin T = 32 omponents
of sattering states in all onsidered isospin-triplet two-
baryon partial waves, sine the e.m. urrent ouples the
T = 12 and T = 32 omponents strongly.
The three-partile equations for the trinuleon bound
state |B〉 and for the sattering states are solved as in
Ref. [8℄; in fat, the sattering states are alulated only
impliitly as desribed in Appendix B. The resulting
binding energies of
3He are -7.941 and -8.225 MeV for CD
Bonn and CD Bonn +∆, respetively. If the Coulomb in-
teration were taken into aount, as proper for
3He, the
binding energies shift to -7.261 and -7.544 MeV, whereas
the experimental value is -7.718 MeV. Nevertheless, we
use the purely hadroni energy values and bound-state
wave funtions for onsisteny when alulating the ur-
rent matrix elements, sine we are unable to inlude the
Coulomb interation in the sattering states.
Whereas the hadroni interation is onsidered up to
I = 4, the e.m. urrent is allowed to at between partial
waves up to I = 6, the higher partial waves being re-
ated by the geometry of antisymmetrization. The e.m.
urrent is taken over from Refs. [14, 20℄ with some ne-
essary modiations: 1) The e.m. urrent is riher than
the one used in Ref. [6℄; diagonal two-baryon urrents
onneting states with ∆ isobar are taken into aount.
2) More reent values for the e.m. ouplings of the ∆
isobar are used aording to Refs. [21, 22℄. 3) Meson
oupling onstants, meson masses and hadroni form fa-
tors used in meson-exhange urrents (MEC) are hosen
onsistently with the employed hadroni interations CD
Bonn and CD Bonn + ∆; they are listed in Refs. [9, 10℄.
The employed ontributions to the e.m. urrent are ol-
leted in Appendix A. The urrent is expanded in ele-
tri and magneti multipoles as desribed in Refs. [6, 20℄.
The tehnique for alulating multipole matrix elements
is developed in Ref. [20℄; a speial stability problem [6℄
arising in the alulation requires some modiations of
that tehnique as desribed in Ref. [23℄. The magneti
multipoles are alulated from the one- and two-baryon
parts of the spatial urrent. The eletri multipoles use
the Siegert form of the urrent without long-wavelength
approximation; assuming urrent onservation, the dom-
inant parts of the one-baryon onvetion urrent and of
the diagonal π- and ρ-exhange urrent are taken into
aount impliitly in the Siegert part of the eletri mul-
tipoles by the Coulomb multipoles of the harge density;
the remaining non-Siegert part of the eletri multipoles
not aounted for by the harge density is alulated us-
ing expliit one- and two-baryon spatial urrents. The
harge density ontributing to the Siegert term has di-
agonal single-nuleon and single-∆ isobar ontributions
only; the nuleon-∆ transition ontribution as well as
two-baryon ontributions are of relativisti order and are
therefore omitted in the harge-density operator when
alulating Coulomb multipoles.
The number of onsidered urrent multipoles is limited
by the maximal total three-baryon angular momentum
Jmax = 152 , taken into aount for the hadroni sattering
states. The results for the onsidered photo reations
up to pion-prodution threshold appear fully onverged
with respet to higher two-baryon angular momenta I,
with respet to ∆-isobar oupling and with respet to
higher three-baryon angular momenta J on the sale of
auray whih present-day experimental data require.
That is the standard alulational proedure. Se-
tion IV desribes the shortomings of that standard de-
sription. In the rest of this setion we fous on ∆-isobar
eets in sample observables.
A. Nuleon-deuteron radiative apture
Figures 5 and 6 present results for spin-averaged and
spin-dependent observables of radiative nuleon-deuteron
apture at 100 and 150 MeV nuleon lab energy; a result
for 200 MeV will be shown later in Se. IVC3. Results
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FIG. 5: Dierential ross setion and analyzing powers of proton-deuteron radiative apture at 100 MeV nuleon lab energy as
funtion of the .m. nuleon-photon sattering angle. Results of the oupled-hannel potential with ∆-isobar exitation (solid
urves) are ompared with referene results of the purely nuleoni CD-Bonn potential (dashed urves). The experimental data
are from Ref. [24℄ (irles) and from Ref. [25℄ (rosses).
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FIG. 6: Dierential ross setion and nuleon analyzing power of proton-deuteron radiative apture at 150 MeV nuleon
lab energy as funtion of the .m. nuleon-photon sattering angle. Results of the oupled-hannel potential with ∆-isobar
exitation (solid urves) are ompared with referene results of the purely nuleoni CD-Bonn potential (dashed urves). The
experimental data are from Ref. [25℄.
for the time-reversed two-body photo disintegration of
the trinuleon bound state are not shown separately. The
energies are well above those of Ref. [6℄, but remain be-
low pion-prodution threshold. Control alulations at
lower energies indiate that the results of Ref. [6℄ do not
get any essential physis hange, though the hadroni in-
teration and the e.m. urrent are improved ompared
with Ref. [6℄.
There are notieable ∆-isobar eets on the onsidered
observables, espeially on the nuleon analyzing power
Ay(N); it is desribed rather well with the inlusion of
the ∆ isobar. Referene [24℄ presents new experimental
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FIG. 7: Total
3H three-nuleon photo disintegration ross
setion as funtion of the photon lab energy Eγ . Results of
the oupled-hannel potential with ∆-isobar exitation (solid
urve) are ompared with referene results of the purely nu-
leoni CD-Bonn potential (dashed urve). The experimental
data are from Ref. [26℄.
data for the dierential ross setion and deuteron vetor
analyzing power at 200 MeV deuteron lab energy, orre-
sponding to 100 MeV nuleon lab energy. There is a dis-
repany between new [24℄ and old [25℄ dierential ross
setion data in the maximum region; the new data are in
good agreement with our results inluding the ∆ isobar.
However, there is a lear disagreement between theoret-
ial preditions and experimental data at small satter-
ing angles getting more pronouned at higher energies;
one possible reason for that disrepany is disussed in
Se. IVC3. There is also a modest beneial ∆-isobar ef-
fet on the deuteron vetor analyzing power Ay(d). The
theoretial predition for one deuteron tensor analyzing
power, i.e., Axx, is also given in Fig. 5; our motivation for
showing Axx is the fat that an experiment determining
deuteron tensor analyzing powers is in progress [24℄.
Our results are qualitatively onsistent with those of
Refs. [11, 12, 13℄.
B. Three-body photo disintegration of
three-nuleon bound state
Experimental data for three-nuleon breakup are muh
sarer than for two-body photo disintegration. To the
best of our knowledge, there are no fully exlusive experi-
mental data in the onsidered energy regime; we therefore
show in Figs. 7  9 our preditions for inlusive and semi-
exlusive observables and ompare them with existing ex-
perimental data. Figure 7 shows our results for the total
3H three-nuleon photo disintegration ross setion in the
low energy region; there is no signiant ∆-isobar eet.
In ontrast, Ref. [13℄ sees a larger three-nuleon fore ef-
fet for this observable; this disrepany is partly due to
a larger three-nuleon fore eet on trinuleon binding
and subsequent saling and partly due to a dierent om-
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FIG. 8: The fourfold dierential ross setion of the
3He(γ, pn)p reation at 85 MeV photon lab energy as funtion
of the pn opening angle at θp = 81
◦
. Results of the oupled-
hannel potential with ∆-isobar exitation (solid urve) are
ompared with referene results of the purely nuleoni CD-
Bonn potential (dashed urve). The experimental data are
from Ref. [27℄.
putational strategy as disussed in Se. IVB1. Figures 8
 9 show semi-exlusive fourfold dierential ross setions
of
3He photo disintegration at higher energies; they are
obtained from the vefold dierential ross setion (13)
by integrating over the kinematial urve S. Again, the
∆-isobar eet for those partiular observables appears
rather small, smaller than the experimental error bars.
There is also disagreement between theoretial predi-
tions and experimental data in some kinematial regimes
whih in part may be aused by experimental onditions,
e.g., by nite geometry, not taken into aount in our
alulations.
Finally, in Fig. 10 we show fully exlusive sam-
ple vefold dierential ross setions of three-nuleon
photo disintegration at 120 MeV photon lab energy for
two kinematial ongurations whih were shown semi-
exlusively in Fig. 9; even at that higher energy the ∆-
isobar eet is rather mild.
IV. SHORTCOMINGS OF THE DESCRIPTION
The present desription of photo reations is with re-
spet to the dynami input, i.e., with respet to the
hadroni interation and to the e.m. urrent, and with
respet to the sope of appliations a substantial im-
provement ompared with Ref. [6℄. But it is still not
a unique and in itself onsistent desription. We are un-
able to repair the existing deienies. However, this se-
tion points those shortomings out and tries at least to
estimate their size. We identify three dierent problem
areas.
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FIG. 9: The fourfold dierential ross setion of the
3He(γ, pp)n reation as funtion of the photon lab energy Eγ
in various kinematial ongurations: (81.0◦, 81.3◦, 180.0◦)
(top), (92.2◦, 91.4◦, 180.0◦) (middle), and average of
(81.5◦, 90.8◦, 180.0◦) and (91.7◦, 80.9◦, 180.0◦) (bottom). Re-
sults of the oupled-hannel potential with ∆-isobar exita-
tion (solid urve) are ompared with referene results of the
purely nuleoni CD-Bonn potential (dashed urve). The ex-
perimental data are from Ref. [28℄.
A. Shortomings of the theoretial form of the
ross setion
Our standard strategy uses the nonrelativisti
form (14) for ross setions; this hoie appears to be on-
sistent with the underlying two-baryon dynamis, though
inonsistent with the experimental relativisti kinemat-
is. We therefore ompare results obtained from Eqs. (14)
with orresponding ones obtained from the relativisti
form of the ross setion (12) whih uses relativisti ki-
neti energies for the Lorentz-invariant phase spae ele-
ment (10) and the kinemati lous (11) ombined with
the nonrelativisti matrix element (9). The omparison
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FIG. 10: The vefold dierential ross setion of three-
nuleon photo disintegration at 120 MeV photon lab en-
ergy as funtion of the arlength S along the kinematial
urve for onguration (92.2◦, 91.4◦, 180.0◦) on the top and
(81.5◦, 90.8◦, 180.0◦) on the bottom. Results of the oupled-
hannel potential with ∆-isobar exitation (solid urve) are
ompared with referene results of the purely nuleoni CD-
Bonn potential (dashed urve).
is possible for observables in fully exlusive reations.
The dierene between those aspets of relativisti and
nonrelativisti kinematis is minor for all onsidered ob-
servables of radiative apture, i.e., less than 1%, but more
signiant, i.e., up to 10%, for three-nuleon photo disin-
tegration as shown in Fig. 11. In all onsidered ases, the
relativisti and nonrelativisti kinematial urves (11)
are very lose to eah other, e.g., for the onguration
of Fig. 11 the distane between them in the E1 − E2
plane is 0.5 MeV at most, and their total arlengths are
140.2 MeV and 142.0 MeV, respetively. For the ompar-
ison the nonrelativisti results in Fig. 11 are saled down
to the relativisti arlength by the fator 140.2/142.0;
the shown hange, however, is due to the dierene in
the phase spae fators fps of Eqs. (12b) and (14b).
We emphasize: The eet indiated in this subsetion
does not represent the true dierene between nonrela-
tivisti quantum mehanial and fully relativisti quan-
tum eld theoretial results, but it may indiate the order
of magnitude of the shortomings of nonrelativisti alu-
lations. In the light of the auray of present day data,
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FIG. 11: Dierential ross setion of three-nuleon photo
disintegration at 120 MeV photon lab energy as funtion of
the arlength S along the kinematial urve for onguration
(91.7◦, 80.9◦, 180.0◦). Results of the oupled-hannel poten-
tial with ∆-isobar exitation based on nonrelativisti phase
spae (solid urve) aording to Eqs. (14) are ompared with
results based on relativisti phase spae (dashed urve) a-
ording to Eqs. (12).
this shortoming of the theoretial desription is rather
inonsequential.
B. Shortomings of the dynamis
1. Nonunique hoie of kinematis
Our omputational strategy in hoosing the kinematis
for the matrix element 〈sf |M |si〉 is desribed in Se. II B.
〈sf |M |si〉 is alulated in the .m. system. We opt to
let the experimental beam energy determine the energy
of hadroni nuleon-deuteron state in radiative apture
and the energy of the hadroni two-body and three-body
nal states in photo disintegration exatly. Sine the trin-
uleon model binding energy is not the experimental one
and the kinematis is nonrelativisti for baryons when
alulating 〈sf |M |si〉, the energy of the photon does not
have the experimental value when assuming energy on-
servation. At very low energies the deviation an get as
large as 10%, whereas at higher energies onsidered in
this paper it remains around 1 - 2%. In ontrast, in a
seond option we ould let the experimental beam en-
ergy determine the .m. photon energy exatly; then
the energies of the hadroni nuleon-deuteron and three-
nuleon states are not experimental ones. A third option
may use experimental energies for both initial and nal
states, but then the matrix element determining physial
amplitudes is slightly o-shell; this is the omputational
strategy of Refs. [12, 13℄. The dierene in results be-
tween those three hoies is minor at higher energies,
i.e., above 100 MeV nuleon lab energy, for all onsid-
ered observables in all onsidered kinematial regimes.
However, there are dierenes up to 10% for observables
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FIG. 12: Dierential ross setion of proton-deuteron ra-
diative apture at 19.8 MeV deuteron lab energy as fun-
tion of the .m. nuleon-photon sattering angle. Results
of the oupled-hannel potential with ∆-isobar exitation de-
rived from the standard approah (solid urve) are ompared
with results of option three whih uses experimental energies
for both initial and nal states, but the matrix element (14a)
is o-shell (dashed-dotted urve). The results of option two
are rather lose to the solid urve. In order to appreiate the
eet of the nonunique hoie of kinematis in relation to the
size of the ∆-isobar eet, results of a standard alulation
with the purely nuleoni referene potential are also given as
dashed urve. The experimental data are from Ref. [29℄.
at low energies. There, the observed ∆-isobar eet de-
pends strongly on the hoie of omputational strategy.
An example is shown in Fig. 12.
2. Omission of Coulomb interation between protons
We are unable to inlude the Coulomb interation in
the three-nuleon sattering states. In ontrast, the se-
leted inlusion of the Coulomb interation in the trin-
uleon bound state is easily possible, but this inlu-
sion reates an additional inonsisteny: Initial and nal
hadroni states beome eigenstates of dierent Hamilto-
nians, and, stritly speaking, the Siegert form of the ur-
rent operator is not appliable. Nevertheless, we do suh
an inonsistent alulation whih Refs. [12, 13℄ hooses
to do as standard alulation, in order to estimate the
eet of the omitted Coulomb interation at least par-
tially. The inlusion of the Coulomb interation in the
trinuleon bound state systematially redues the spin-
averaged ross setions; in ontrast, spin observables ap-
pear to be almost unaeted. A harateristi result
is shown in Fig. 13. Even at higher energies the ob-
served Coulomb eet may be of the same order of mag-
nitude as the full ∆-isobar eet; however, it is not lear
whether the indiated eet represents a true Coulomb
eet or just the inonsisteny between bound and sat-
tering states.
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FIG. 13: Dierential ross setion of proton-deuteron radia-
tive apture at 95 MeV deuteron lab energy as funtion of
the .m. nuleon-photon sattering angle. Results of the
oupled-hannel potential with ∆-isobar exitation derived
from the standard approah (solid urve) are ompared with
results inluding the Coulomb interation in the three-nuleon
bound state (dashed urve). The experimental data are from
Ref. [30℄.
C. Shortomings of the e.m. urrent
1. Lak of urrent onservation
The potentials CD Bonn and CD Bonn + ∆ used in
this paper have nonloal strutures, whereas the e.m.
urrent, given expliitly in Appendix A is employed in a
loal nonrelativisti form. Thus, the ontinuity equation
is not fullled for the urrent. As measure for this de-
ieny preditions are ompared based on two dierent
approahes for the eletri multipoles, i.e., (1) the stan-
dard alulation with the Siegert operator aounting
for the two-baryon urrents impliitly by assumed ur-
rent onservation and (2) the expliit use of the meson-
exhange urrents for all of the eletri multipoles. The
disrepany between those two alulations measures the
importane of the existing lak of urrent onservation;
indeed the violation an be signiant as Fig. 14 proves.
We believe that alulations with the Siegert form of the
urrent operator repair the violation of urrent onserva-
tion in part; we therefore employ the Siegert form of the
urrent operator in our standard alulational strategy.
However, at this stage it is useful to disuss the lak of
urrent onservation in more detail:
1) The σ, ρ and ω exhanges yield a spin-orbit inter-
ation. That spin-orbit interation makes, even in loal
approximation and even for isosalar-meson exhanges,
a ontribution to the ontinuity equation. The orre-
sponding spin-orbit ontribution to the exhange urrent
is derived in loal form [32℄. There are also additional
ontributions to the ρ-exhange urrent [15℄ not taken
into aount in our standard alulations. All that on-
tributions are impliitly ontained in the Siegert-part of
the eletri multipoles. In the tentative alulations de-
0.0
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FIG. 14: Dierential ross setion of proton-deuteron radia-
tive apture at 190 MeV nuleon lab energy as funtion of
the .m. nuleon-photon sattering angle. Results of the
oupled-hannel potential with ∆-isobar exitation derived
from the Siegert approah for eletri multipoles (solid urve)
are ompared with results based on the expliit use of meson-
exhange urrents (dashed urve). In order to appreiate the
size of the two-baryon urrent ontribution, the results of a
non-Siegert alulation with one-baryon urrents only are also
given as dashed-dotted urve. The experimental data are from
Ref. [31℄.
sribed in this paragraph they are used expliitly for the
non-Siegert part of the eletri multipoles and for the
magneti multipoles. There, that sample ontributions
yield only small orretions for observables onsidered in
this paper, seen mostly in spin observables; however, even
for them the orretions are of the order of 2% at most.
We therefore onlude that spin-orbit ontributions and
additional ρ-exhange urrents an quite safely be ne-
gleted in the Siegert form of the urrent operator when
alulating the photo reations of this paper. However,
they are more important for alulations based fully on
expliit exhange urrents and they therefore make a non-
negligible ontribution to the dierene seen in Fig. 14.
2) The employed potentials have expliit nonloal
strutures. That expliit nonloality makes a ontribu-
tion to the two-baryon exhange urrent.
We ompared the results of the following models for the
purely nuleoni potential. The models are based on π,
ρ and ω exhanges and on a salar isosalar and a salar
isovetor σ exhange; one model uses the nonloal stru-
tures of CD-Bonn type and the other their loal approxi-
mations. Both models are tuned to deuteron binding and
to
1S0 and
3S1 − 3D1 phase shifts only. Though nonre-
alisti models, both usually predit observables in qual-
itative agreement with the realisti desriptions. When
employing the loal potential model we obtain identi-
al results for alulations based on the Siegert form of
the urrent operator and alulations based on expliit
exhange-urrent ontributions to all multipoles. How-
ever, when employing the nonloal potential model, the
results an dier substantially; the dierene an be as
large as seen in Fig. 14 for the oupled-hannel poten-
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tial CD Bonn + ∆. We onlude, the expliit nonloal-
ity of the employed potentials is a signiant soure for
urrent non-onservation. Future alulations should at-
tempt to design nonloal exhange-urrent ontributions
onsistent with the nonloality of the underlying baryon-
baryon potentials.
3) The employed potentials have an impliit nonloal-
ity due to the general partial-wave dependene of the me-
son exhanges. That partial-wave dependene is slight for
the π, ρ and ω exhanges, but substantial for the σ ex-
hange. That impliit nonloality makes a ontribution
to the two-baryon exhange urrent.
The nuleoni CD Bonn as well as CD Bonn + ∆ show
a small partial-wave dependene in π and in ρ exhange.
Fitting CD Bonn with partial wave independent π and ρ
exhanges dereases the quality of the t to data only by
very little; χ2/datum inreases from 1.02 to 1.03. When
omparing observables of the hadroni proesses and of
the photo reations of this paper for both potentials, no
distinguishable dierene is found in plots. We onlude:
The impliit nonloality arising from the partial-wave
dependene in π and ρ exhange of CD Bonn and CD
Bonn + ∆ is of no onsequene for the predition of
observables.
The loal model used for the disussion of problem 2)
is modied to simulate the partial-wave dependene of
ω exhange in the nuleoni CD Bonn, it is retuned as
under 2). The ω exhange is taken to be without hadroni
uto in the
1P1 partial wave as in CD Bonn; this partial-
wave dependene violates urrent onservation. However,
the observed dierene between alulations based on
the Siegert form of the urrent operator and alulations
based on expliit exhange-urrent ontributions to all
multipoles is muh smaller than that shown in Fig. 14.
We onlude: The impliit nonloality arising from the
partial-wave dependene in the ω-exhange of CD Bonn
and CD Bonn + ∆ is of no real onsequene for the
predition of observables.
With respet to the partial-wave dependene of σ ex-
hange the loal model used for the disussion of problem
2) is studied. We onentrate on the dierene of σ ex-
hange between isospin singlet and triplet partial waves,
i.e., on the eetive isovetor nature of the σ meson in-
trodued in the model and in CD Bonn and CD Bonn
+ ∆. Furthermore, even if the σ exhange were truly
an isosalar one in purely nuleoni potential, the ex-
pliit treatment of the ∆ isobar in the oupled-hannel
extension introdues an isovetor orretion: The em-
ployed oupled-hannel potential CD Bonn + ∆, at-
ing in isospin-triplet partial waves, has a weakened σ
exhange ompared to the purely nuleoni CD Bonn;
part of the intermediate range attration simulated by
σ exhange is taken over by ∆-isobar exitation in the
oupled-hannel approah. Thus, the ∆-isobar urrent
has to be supplemented by hanged σ-exhange urrent.
Omitting the σ-meson ontribution to the exhange ur-
rent, quite signiant dierenes, omparable to that of
Fig. 14, arise for observables of the photo reations in this
paper between alulations based on the Siegert form of
the urrent and on the full expliit exhange-urrent on-
tributions. In ontrast, the expliit σ-meson exhange-
urrent ontributions to the non-Siegert part of the ele-
tri multipoles and to the magneti multipoles remain
small. We arrive to qualitatively the same results when
inluding the σ-meson exhange-urrent for CD Bonn
and CD Bonn + ∆ with the σ-meson parameters of S-
waves. We onlude: Though the partial-wave depen-
dene of the σ-meson exhange is a signiant soure of
urrent nononservation, the standard alulation based
on the Siegert form of the urrent for part of the ele-
tri multipoles and on expliit exhange-urrent ontri-
butions to all other multipoles appears to be quite a re-
liable alulational sheme.
4) The employed potentials are harge dependent. The
harge dependene of the interation is due to the harge
dependene of the parameters of exhanged π, ρ and σ
mesons and due to the harge dependene of the nu-
leoni masses. The isospin struture of the harge-
dependent potential ontributions is given in terms of the
baryoni isospin projetions; thus, that isospin depen-
dene, giving rise to harge dependene, does not require
an exhange urrent by itself; it only does so, if its po-
tential forms were nonloal. In the ase of the employed
potentials it is so indeed, but that expliit nonloality was
already disussed in problem 2). The diagonal π- and ρ-
exhange ontributions to the exhange urrent should be
built from the meson parameters of the harged mesons.
The nondiagonal π and ρ exhanges are arried by the
mesons of all harges. However, our standard alula-
tion uses averaged meson parameters and an averaged
nuleon masses for all meson-exhange urrents; it was
heked that both alulational simpliations are with-
out any onsequene for the observables of this paper.
From this lengthy, but we think neessary disussion
of the problems 1) to 4) we onlude for the alula-
tions of this paper: When the Siegert form of the urrent
is used for part of the eletri multipoles and expliit
exhange-urrent ontributions to all other multipoles in
the operator form of Appendix A, the impliit nonlo-
ality of CD Bonn and CD Bonn + ∆ arising from the
partial-wave dependene of the meson exhanges is with-
out onsequenes for predition. In ontrast, the expliit
nonloality of CD Bonn and CD Bonn + ∆, also respon-
sible for urrent nononservation, is of serious onern;
its onsequene on the non-Siegert parts of the urrent
ould not be estimated yet by any of our models. Still,
we believe that our standard alulation, based on the
Siegert form of the urrent, eetively orrets the ur-
rent nononservation and is therefore quite reliable for
the observables of photo reations onsidered in this pa-
per.
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2. Lak of ovariane
If a fully ovariant desription of dynamis were
available, the urrent matrix element 〈sf |M |si〉 were a
Lorentz salar and ould therefore be alulated in any
frame with idential results. However, our desription of
hadron dynamis is nonrelativisti, and the results there-
fore are frame-dependent. We investigate that frame de-
pendene alulating the same matrix elements in lab
and in .m. frames, i.e., in the rest frames of the initial
and nal three-nuleon systems. The two frames dier
by the three-nuleon total momentum and by the pho-
ton momentum. However, we found that for the observ-
ables onsidered in this paper the frame dependene is
minor and at present of no real theoretial onern; we
do not doument that nding, sine the dierenes are
only hardly seen in plots.
3. Higher order ontributions to the urrent operator in
(k/mN ) expansion
In the standard alulational sheme the Siegert form
of the urrent operator is used together with expliit
meson-exhange ontributions not aounted for by the
Siegert part. The harge density operator in the Siegert
part is of one-baryon nature and is taken to be nonrela-
tivisti in the standard alulations. However, the one-
baryon purely nuleoni harge density operator has rel-
ativisti orretions of order (k/mN)
2
. Contributions to
the nuleon-∆ transition harge density and to the two-
nuleon harge density, used in Ref. [17℄ for alulation of
trinuleon elasti harge form fators, are also inluded;
both are of the relativisti order (k/mN )
2
. The resulting
speial relativisti orretions, taken into aount in this
paper, redue the ross setions; they appear beneial; a
harateristi result is shown in Fig. 15. The eet shown
there is dominated by the one-nuleon harge-density or-
retion; the two-nuleon harge-density shows notieable
eets in some spin observables, whereas the nuleon-∆
transition harge appears to be insigniant for all al-
ulated observables of this paper. Correspondly large
orretions of the same origin were also found in photo
reations on the deuteron [33℄. Thus, the results of this
subsetion are not surprising. The urrent orretions of
this subsetion should be inluded in future alulations
of e.m. reations.
V. SUMMARY AND CONCLUSIONS
The paper improves our preliminary desription of
photo reations in the three-nuleon system [6℄; the
present desription inludes three-body photo disintegra-
tion. The hadroni interation is based on CD Bonn
and its realisti oupled-hannel extension CD Bonn +
∆. The initial and nal hadroni states are alulated
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FIG. 15: Dierential ross setion of proton-deuteron radia-
tive apture at 200 MeV nuleon lab energy as funtion of the
.m. nuleon-photon sattering angle. Results of the oupled-
hannel potential with ∆-isobar exitation derived from our
standard approah (solid urve) are ompared with results
inluding relativisti one-nuleon harge orretions (dashed
urve). The experimental data are from Ref. [25℄.
without separable expansion of the underlying intera-
tion. The ontributions to the e.m. urrent orrespond
to the hadroni interation, though full urrent onser-
vation ould not be ahieved.
The paper isolates the ∆-isobar eets on the on-
sidered observables. Besides ∆-isobar eets of ee-
tive two-nuleon nature the ∆ isobar yields an eetive
three-nuleon fore of the Fujita-Miyazawa type and of
the Illinois pion-ring type; meson exhanges other than
pion exhange are inluded. The exhange urrents me-
diated by the ∆ isobar are of eetive two-nuleon and
three-nuleon nature; they are struturally onsistent
with orresponding hadroni ontributions; they are pre-
dominantly due to the transition ontributions of Fig. 2
and due to the one-baryon part of Fig. 3; the diag-
onal two-baryon ontributions of Fig. 3 onnet small
wave funtion omponents and are found to be quan-
titatively entirely irrelevant. In the onsidered observ-
ables the hadroni and the e.m. ∆-isobar eets are
intertwined; they are not separated; their total eets
are not very important given the sarity of data, often
still arrying large error bars. The ∆-isobar eets are
more pronouned at higher energies; they are somehow
smaller than the irreduible three-nuleon fore eets of
Refs. [12, 13℄; nevertheless, qualitatively both eets are
quite similar. In ontrast to the three-nuleon fore ef-
fets of Refs. [12, 13℄ we see very small ∆-isobar eets at
low energies; the reason, at least in part, is due to the dif-
ferent hoie of kinematis for orreting the theoretial
failure in aounting for three-nuleon binding.
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APPENDIX A: COUPLED-CHANNEL
CURRENT OPERATORS
Equation (1) denes the general momentum spae form
of the e.m. urrent Jµ(Q) in the Jaobi oordinates
of the three-partile basis. In ontrast, this appendix
gives its employed one-baryon and two-baryon parts, i.e.,
Jµ(Q) = J [1]µ(Q) + J [2]µ(Q), in respetive one-partile
and two-partile bases. We keep the three-momentum
transfer Q and not the four-momentum transfer Q as
independent variable sine usually Q0 is determined by
the three-momenta of the involved baryons. Despite that
strategy,Q2 = Q2−Q20 is taken to be zero in all e.m. form
fators for photo reations. The step from the single-
partile representation of the urrent ontributions to the
three-partile Jaobi momenta is straightforward [20℄ and
not repeated here. The objetive of this appendix is the
denition of the used input for the urrent.
1. One-baryon operators in nonrelativisti order
The momentum-spae matrix elements of the one-
baryon urrent operator have the general form
〈k′B′|J [1]µ(Q)|kB〉 = δ(k′ −Q− k)j[1]µB′B(Q,k′,k)
(A1)
with k′ (k) and Q being the nal (initial) single-baryon
momentum and the four-momentum transfer by the pho-
ton, respetively, and B′ (B) being N or ∆ depending on
the baryoni ontent of the nal (initial) state. All om-
ponents of j
[1]µ
B′B(Q,k
′,k) are still operators in spin and
isospin spae; the spin (isospin) operators of the nuleon,
∆ isobar and the nuleon-∆ transition are denoted by σ
(τ ), σ∆ (τ∆) and S (T), respetively. The one-baryon
harge density and spatial urrent operators, diagram-
matially dened in Figs. 1 - 3 and used in the alula-
tions of this paper, are listed below:
ρ
[1]
NN (Q,k
′,k) = e(Q2), (A2a)
j
[1]
NN (Q,k
′,k) =
1
2mN
{
e(Q2)[k′ + k]
+ [e(Q2) + κ(Q2)][iσ ×Q]}, (A2b)
j
[1]
∆N (Q,k
′,k) =
1
2m∆
gM1∆N(Q
2)[iS×Q]Tz, (A2)
ρ
[1]
∆∆(Q,k
′,k) = gE0∆ (Q
2), (A2d)
j
[1]
∆∆(Q,k
′,k) =
1
2m∆
{
gE0∆ (Q
2)[k′ + k]
+ gM1∆ (Q
2)[iσ∆ ×Q]
}
. (A2e)
The nuleoni e.m. form fators of Eqs. (A2) are
parametrized as linear ombinations of the isospin-
dependent Dira and Pauli form fators f1(Q
2) and
f2(Q
2), whih at zero four-momentum transfer Q2 are
the harge and the anomalous magneti moment of the
nuleon, i.e.,
e(Q2) =
1
2
[
f IS1 (Q
2) + f IV1 (Q
2)τz
]
, (A3a)
κ(Q2) =
1
2
[
f IS2 (Q
2) + f IV2 (Q
2)τz
]
, (A3b)
the supersripts IS and IV denote their isosalar and
isovetor parts, respetively. The e.m. form fators re-
lated to the ∆-isobar are parameterized [18, 21, 22℄ by
gM1∆N(Q
2) =
m∆
mN
µ∆N
(1 +Q2/Λ2∆N,1)
2(1 +Q2/Λ2∆N,2)
1/2
,
(A4a)
gE0∆ (Q
2) =
1
2
{
f IS1 (Q
2) + f IV1 (Q
2)−Q2/(4m2N)
× [f IS2 (Q2) + f IV2 (Q2)]
} 1
2
(1 + τ∆z),
(A4b)
gM1∆ (Q
2) =
m∆
6mN
µ∆
(1 +Q2/Λ2∆)
2
1
2
(1 + τ∆z). (A4)
The values of the parameters are µ∆N = 3µN , µ∆ =
4.35µN , µN being the nulear magneton, Λ∆N,1 = Λ∆ =
0.84 GeV and Λ∆N,2 = 1.2 GeV.
2. Two-baryon operators in nonrelativisti order
The matrix elements of the two-baryon urrent opera-
tor have the general form
〈k′1k′2B′|J [2]µα (Q)|k1k2B〉
= δ(k′1 + k
′
2 −Q− k1 − k2)
× j[2]µαB′B(Q,k′1 − k1,k′2 − k2)
(A5)
with k′i (ki) being the nal (initial) single-baryon mo-
menta; α denotes the exhanged meson or the two mesons
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in ase of nondiagonal urrents); the baryoni ontents
B′ and B being N (∆) orrespond to the two-nuleon
(nuleon-∆-isobar) states. All omponents j
[2]µ
αB′B(Q,k
′
1−
k1,k
′
2 − k2) are still operators in spin and isospin spae.
The two-baryon spatial urrent operators, diagrammati-
ally dened in Figs. 1 - 3 and used in the alulations
of this paper, are listed below:
j
[2]
piNN (Q,p1,p2) = − f IV1 (Q2)
{
[iτ 1 × τ 2]zF conpiNN (p22)(p2 · σ2)σ1 + (1↔ 2)
}
+ f IV1 (Q
2)[iτ 1 × τ 2]zFmespiNN (p21,p22)(p1 · σ1)(p2 · σ2)(p1 − p2), (A6a)
j
[2]
ρNN (Q,p1,p2) = − f IV1 (Q2)
{
[iτ 1 × τ 2]zF conρNN (p22)[(σ2 × p2)× σ1] + (1↔ 2)
}
+ f IV1 (Q
2)[iτ 1 × τ 2]zFmesρNN (p21,p22)[(p1 × σ1) · (p2 × σ2)](p1 − p2)
+ f IV1 (Q
2)[iτ 1 × τ 2]zFmes1ρNN (p21,p22)(p1 − p2)
− f IV1 (Q2)[iτ 1 × τ 2]zFmesρNN (p21,p22)Q× [(p1 × σ1)× (p2 × σ2)], (A6b)
j
[2]
ρpiNN (Q,p1,p2) = − f IS1 (Q2)
{
(τ 1 · τ 2)F disρpiNN (p21,p22)(p2 · σ2)[ip1 × p2] + (1↔ 2)
}
, (A6)
j
[2]
ωpiNN(Q,p1,p2) = − f IV1 (Q2)
{
τ2 zF
dis
ωpiNN (p
2
1,p
2
2)(p2 · σ2)[ip1 × p2] + (1↔ 2)
}
, (A6d)
j
[2]
pi∆N (Q,p1,p2) = − f IV1 (Q2)
{
[iτ 1 ×T2]zF conpi∆N(p22)(p2 · S2)σ1 + (1↔ 2)
}
− f IV1 (Q2)
{
[iT1 × τ 2]zF conpi∆N(p22)(p2 · σ2)S1 + (1↔ 2)
}
+ f IV1 (Q
2)
{
[iτ 1 ×T2]zFmespi∆N(p21,p22)(p1 · σ1)(p2 · S2)(p1 − p2) + (1↔ 2)
}
, (A7a)
j
[2]
ρ∆N (Q,p1,p2) = − f IV1 (Q2)
{
[iτ 1 ×T2]zF conρ∆N (p22)[(S2 × p2)× σ1] + (1↔ 2)
}
− f IV1 (Q2)
{
[iT1 × τ 2]zF conρ∆N (p22)[(σ2 × p2)× S1] + (1↔ 2)
}
+ f IV1 (Q
2)
{
[iτ 1 ×T2]zFmesρ∆N (p21,p22)[(p1 × σ1) · (p2 × S2)](p1 − p2) + (1↔ 2)
}
− f IV1 (Q2)
{
[iτ 1 ×T2]zFmesρ∆N (p21,p22)Q× [(p1 × σ1)× (p2 × S2)] + (1↔ 2)
}
, (A7b)
j
[2]
ρpi∆N (Q,p1,p2) = − f IS1 (Q2)
{
(τ 1 ·T2)F disρpi∆N (p21,p22)(p2 · S2)[ip1 × p2] + (1↔ 2)
}
, (A7)
j
[2]
ωpi∆N (Q,p1,p2) = − f IV1 (Q2)
{
T2 zF
dis
ωpi∆N (p
2
1,p
2
2)(p2 · S2)[ip1 × p2] + (1↔ 2)
}
, (A7d)
j
[2]
pi∆∆(Q,p1,p2) = − f IV1 (Q2)
{
[iτ 1 × τ∆2]zF con, dpi∆∆ (p22)(p2 · σ∆2)σ1 + (1↔ 2)
}
− f IV1 (Q2)
{
[iτ∆1 × τ 2]zF con, dpi∆∆ (p22)(p2 · σ2)σ∆1 + (1↔ 2)
}
+ f IV1 (Q
2)
{
[iτ 1 × τ∆2]zFmes, dpi∆∆ (p21,p22)(p1 · σ1)(p2 · σ∆2)(p1 − p2) + (1↔ 2)
}
− f IV1 (Q2)
{
[iT†1 ×T2]zF con, epi∆∆ (p22)(p2 · S2)S†1 + (1↔ 2)
}
− f IV1 (Q2)
{
[iT1 ×T†2]zF con, epi∆∆ (p22)(p2 · S†2)S1 + (1↔ 2)
}
+ f IV1 (Q
2)
{
[iT†1 ×T2]zFmes, epi∆∆ (p21,p22)(p1 · S†1)(p2 · S2)(p1 − p2) + (1↔ 2)
}
. (A8)
We note: The ontribution to the two-nuleon
ρ-exhange urrent, proportional to Fmes1ρNN (p
2
1,p
2
2)
Eq. (A6b) is not ontained in the standard olletion of
exhange urrents of Refs. [6, 14, 17, 20℄, used by us till
now in the ontext of other potentials; it is neessitated
in this paper by the full form of the ρ exhange imple-
mented in the CD-Bonn potential. Other ontributions
arising from the full ρ exhange [15℄ are of higher order
ompared to Fmes1ρNN (p
2
1,p
2
2) and therefore are negleted
in our standard alulations; their eet is disussed in
Se. IVC1.
The F -funtions used in the above expressions are
potential-dependent. For meson-exhange potentials
they are built from meson-baryon oupling onstants,
hadroni form fators and meson propagators. For on-
tat urrents the F -funtions have the following forms:
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F conpiNN (p
2) =
1
8π2m2N
g2pi
4π
F2piNN(p2)
m2pi + p
2
, (A9a)
F conρNN (p
2) =
1
8π2m2N
g2ρ(1 + fρ/gρ)
2
4π
F2ρNN(p2)
m2ρ + p
2
,
(A9b)
F conpi∆N (p
2) =
1
8π2m2N
g2pi
4π
fpiN∆
fpiNN
FpiNN(p2)Fpi∆N(p2)
m2pi + p
2
,
(A9)
F conρ∆N (p
2) =
1
8π2m2N
g2ρ(1 + fρ/gρ)
2
4π
fρN∆
fρNN
× FρNN (p
2)Fρ∆N (p2)
m2ρ + p
2
, (A9d)
F con, dpi∆∆ (p
2) =
1
8π2m2N
g2pi
4π
fpi∆∆
fpiNN
FpiNN(p2)Fpi∆∆(p2)
m2pi + p
2
,
(A9e)
F con, epi∆∆ (p
2) =
1
8π2m2N
g2pi
4π
f2piN∆
f2piNN
F2pi∆N(p2)
m2pi + p
2
. (A9f)
For meson in ight urrents the orresponding expres-
sions are
FmesαB′B(p
2
1,p
2
2) =−
1
p21 − p22
[
F conαB′B(p
2
1)− F conαB′B(p22)
]
,
(A10a)
Fmes1ρNN (p
2
1,p
2
2) =
4m2N
(1 + fρ/gρ)2
FmesρNN (p
2
1,p
2
2),
(A10b)
F
mes, d(e)
pi∆∆ (p
2
1,p
2
2) = −
1
p21 − p22
× [F con, d(e)pi∆∆ (p21)− F con, d(e)pi∆∆ (p22)].
(A10)
Finally, the funtions for nondiagonal meson-exhange
urrents (also alled dispersion urrents) are dened to
be
F disαβNN (p
2
1,p
2
2) =
1
4π2m2N
gαgβ
4π
mN
mα
gαβγ
× FαNN (p
2
1)
m2α + p
2
1
FβNN(p22)
m2β + p
2
2
, (A11a)
F disαβ∆N (p
2
1,p
2
2) =
1
4π2m2N
gαgβ
4π
fpiN∆
fpiNN
mN
mα
gαβγ
× FαNN (p
2
1)
m2α + p
2
1
Fβ∆N(p22)
m2β + p
2
2
. (A11b)
The meson-nuleon oupling onstants gα and fρ are
listed in Table I of Ref. [9℄, whereas other hadroni pa-
rameters, i.e., oupling onstants fαB′B, meson masses
mα and hadroni form fators FαB′B(p2) are those of
Ref. [10℄. The e.m. meson-photon oupling onstants
have the values gρpiγ = 0.56 and gωpiγ = 0.68 aording
to Ref. [34℄.
3. Operator orretions of lowest relativisti order
Sample operator orretions of relativisti order for the
harge density are given. They are of one-baryon and of
two-baryon nature:
ρ
[1] rc
NN (Q,k
′,k) = − e(Q
2) + 2κ(Q2)
8m2N
× {Q2 + [iσ × (k′ + k)] ·Q},
(A12a)
ρ
[1] rc
∆N (Q,k
′,k) = − 1
4mNm∆
gM1∆N(Q
2)
× [iS× (k′ + k)] ·Q Tz, (A12b)
ρ
[2] rc
piNN (Q,p1,p2) =
1
2mN
[f IS1 (Q
2)τ 1 · τ 2 + f IV1 (Q2)τ2 z]
× F conpiNN (p22)(σ1 ·Q) (σ2 · p2)
+ (1↔ 2). (A12)
The ontributions (A12) are the Darwin-Foldy and spin-
orbit orretions of the one-nuleon harge density, the
one-baryon orretion due to nuleon-∆ transition and
the two-nuleon orretion due to π exhange, respe-
tively; the two-nuleon ontribution (A12) is loal
and therefore often exlusively used; there are however
other nonloal two-nuleon ontributions of the same or-
der. The ontributions (A12) are used in this paper in
Se. IVC3 for the Siegert form of the urrent. Sine they
are relativisti orretions, they violate urrent onser-
vation in the onsidered order. However, the alulated
trinuleon elasti harge form fators need all three on-
tributions in order to beome almost quantitatively on-
sistent with the experimental data [17℄.
APPENDIX B: INTEGRAL EQUATION FOR
CURRENT MATRIX ELEMENT
This appendix alulates the urrent ma-
trix elements of two- and three-body photo
disintegration of the trinuleon bound state,
i.e., 〈ψ(−)α (qf )ναf |jµ(kγ ,K+)ǫµ(kγλ)|B〉 and
〈ψ(−)0 (pfqf )ν0f |jµ(kγ ,K+)ǫµ(kγλ)|B〉.
The antisymmetrized fully orrelated three-nuleon
sattering states of internal motion in nuleon-deuteron
hannels, i.e., 〈ψ(−)α (qf )ναf |, and in three-body breakup
hannels, i.e., 〈ψ(−)0 (pfqf )ν0f |, are not alulated expli-
itly; they are alulated only impliitly when forming
urrent matrix elements. We introdue the state |X(Z)〉,
dened aording to
|X(Z)〉 = (1 + P )jµ(kγ ,K+)ǫµ(kγλ)|B〉
+ PT (Z)G0(Z)|X(Z)〉, (B1a)
|X(Z)〉 =
∞∑
n=0
[PT (Z)G0(Z)]
n
× (1 + P )jµ(kγ ,K+)ǫµ(kγλ)|B〉, (B1b)
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as intermediate quantity with Z = Ei + i0 being the
three-partile available energy and T (Z) being the two-
baryon transition matrix. Equation (B1a) is an integral
equation for |X(Z)〉, analogous to that for the multihan-
nel transition matrix U(Z) of Ref. [8℄: Both equations
have the same kernel, only their driving terms are dier-
ent. We therefore solve Eq. (B1a) aording to the teh-
nique of Ref. [8℄, summing the Neumann series (B1b) for
|X(Z)〉 by the Padé method. One |X(Z)〉 is alulated,
the urrent matrix elements required for the desription
of two- and three-body photo disintegration of the trin-
uleon bound state are obtained aording to
〈ψ(−)α (qf )ναf |jµ(kγ ,K+)ǫµ(kγλ)|B〉
=
1√
3
〈φα(qf )ναf |X(Z)〉, (B2a)
〈ψ(−)0 (pfqf )ν0f |jµ(kγ ,K+)ǫµ(kγλ)|B〉
=
1√
3
〈φ0(pfqf )ν0f |
(
1 + P
)[
jµ(kγ ,K+)ǫµ(kγλ)|B〉
+ T (Z)G0(Z)|X(Z)〉
]
. (B2b)
The urrent matrix element required for the desription
of radiative nuleon-deuteron apture is related to that
of two-body photo disintegration by time reversal as de-
sribed in Ref. [6℄. When alulating total two- and
three-body photo disintegration ross setion σ, the inte-
gration over all nal states an be performed impliitly,
i.e.,
σ =
(2π~)2
~c2k0γ
1
4
∑
MBλ
〈B|[jµ(kγ ,K+)ǫµ(kγλ)]†
× δ(Ei −H0 −HI)jµ(kγ ,K+)ǫµ(kγλ)|B〉, (B3a)
σ =− (2π~)
2
4π~c2k0γ
∑
MBλ
Im
{
〈B|[jµ(kγ ,K+)ǫµ(kγλ)]†
×G(Ei+i0)jµ(kγ ,K+)ǫµ(kγλ)|B〉
}
. (B3b)
The auxiliary state G(Ei+ i0)j
µ(kγ ,K+)ǫµ(kγλ)|B〉 of
Eq. (B3b) is related to |X(Ei+i0)〉 aording to
G(Ei+i0)j
µ(kγ ,K+)ǫµ(kγλ)|B〉
=
1
3
(1 + P )G0(Ei+i0)
[
jµ(kγ ,K+)ǫµ(kγλ)|B〉
+ T (Ei+i0)G0(Ei+i0)|X(Ei+i0)〉
]
. (B3)
The total lab ross setion is then obtained in the form
σ =− (2π~)
2
12π~c2k0γ
∑
MBλ
Im
{
〈B|[jµ(kγ ,K+)ǫµ(kγλ)]†
× (1 + P )G0(Ei+i0)
[
jµ(kγ ,K+)ǫµ(kγλ)|B〉
+ T (Ei+i0)G0(Ei+i0)|X(Ei+i0)〉
]}
. (B3d)
We note that Eqs. (B3) performs the integration over all
nal states impliitly using the nonrelativisti Hamilto-
nian in ontrast to the strategy of Eq. (10).
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